Mixed forests of Quercus ilex L. and Pinus pinea L. are widely found throughout the Mediterranean Basin, being representative of two co-existing functional types: evergreen-sclerophyllous drought-resistant species and Mediterranean-adapted drought-avoidant conifers. Their contrasting physiological strategies to cope with water deficit influence all the processes regulating their growth such as wood formation, leading to peculiar tree-ring anatomical features such as intra-annual density fluctuations (IADFs). Intra-annual density fluctuations are abrupt changes in wood anatomical traits within a tree ring, appearing as latewoodlike cells within earlywood or earlywood-like cells within latewood, and are frequently found in Mediterranean species as a response to seasonal climate changes. In this study, we characterized the anatomical traits and composition of carbon and oxygen stable isotopes in IADFs occurring in tree rings of Q. ilex and P. pinea trees co-existing at a same site in Southern Italy, in order to link their xylem hydraulic properties with the related physiological mechanisms. The relationships between IADF occurrence and seasonal mean temperature and total precipitation were investigated, with the aim of assessing whether they can be used as indicators of species-specific responses to intra-annual climate fluctuations. Results show that IADF period of formation is during autumn months for both species. The influence of climate on IADF occurrence was found to be an indicator of species-specific response to climate: an increased stomatal conductance associated to the formation of a wood safer against embolism was found in Q. ilex, while a tighter stomatal control associated to a more efficient wood with regard to hydraulic conductivity occurred in P. pinea. Moreover, the assessment of the influence of climate on IADF occurrence indicates that, with rising temperatures, Q. ilex would form fewer IADFs compared with P. pinea. Other study cases are desirable to assess the suggested forecasts and to link the plasticity of the species to form IADFs with their effective adaptive capability to compete for resources, and to explain how it may influence future population development.
Introduction
In the Mediterranean region, a warming trend has been recorded from 1990 to recent years (Hansen et al. 2006 , 2010 , IPCC 2017 , with no concomitant increase in precipitation, but rather a seasonal shift to winter months (Loustau et al. 2005) . Climate models predict an increase in climate variability and frequency of extreme weather events, such as extended drought periods, in the Mediterranean basin (Lindner et al. 2010 ). Sensitivity and vulnerability of plant populations to climate are site-and species-specific, depending on site characteristics and conditions, and on the capacity of adaptation of the species to the new environmental conditions (Lindner and Calama 2013) . Even drought-adapted plants are negatively influenced by severe water shortage (Rambal et al. 2003) , and ecophysiological differences between co-existing species may influence competition and thus be decisive for future population composition, structure and development.
Mixed forests of Quercus ilex L. and Pinus pinea L. are extensively found throughout the Mediterranean basin, being representative of two co-existing functional types: evergreen sclerophyllous droughtresistant species and Mediterranean-adapted drought-avoidant conifer (Terradas 1999) . Quercus ilex is a shade-tolerant, anisohydric tree; it is deep rooted and has a great capacity to maintain high stomata conductance during dry periods (Barbero et al. 1992) . On the contrary, P. pinea has a shallow root system and reduces water flow during aridity as a drought-avoiding isohydric species, being able to recover when water becomes available again (Mayoral et al. 2015 , Zalloni et al. 2016 . Under drought conditions, anisohydric species continue to transpire while isohydric ones close their stomata, the former being able to maintain higher photosynthesis rates than the latter, but being also more vulnerable to embolism (Tardieu and Simonneau 1998, Sade et al. 2012) . The contrasting physiological strategies adopted by Q. ilex and P. pinea to cope with water shortage indicate different sensitivity to drought stress and influence all the processes regulating their growth. Therefore, wood formation is ultimately affected differently in the two species. One way to cope with water stress is to form peculiar tree-ring anatomical features such as intra-annual density fluctuations (IADFs), i.e., abrupt changes in wood anatomical traits within a tree ring, frequently found in Mediterranean species as a response to seasonal climate changes (Cherubini et al. 2003 , De Micco et al. 2016a ). Intraannual density fluctuations are anatomically characterized by latewood-like cells within earlywood or earlywood-like cells within latewood (De Micco et al. 2016a ). The physiological processes leading to IADFs may be understood by analysing functional wood traits and tree-ring δ 13 C and δ
18
O at the intra-annual level (De Micco et al. 2007 , Battipaglia et al. 2010 . Analysing carbon and oxygen wood composition helps to understand whether CO 2 assimilation was more strongly affected by stomatal regulation or by photosintetic capacity, as explained in the conceptual model proposed by Scheidegger et al. (2000) . Plant δ
O is influenced by source water δ
O, but is also inversely related to the ratio of atmospheric to leaf intercellular water vapour pressure (e a /e i ), and can thus provide a time-integrated indication of leaf stomatal conductance (g s ) during the growing season (Barbour 2007) . Measuring plant δ
O can thus help to separate the independent effects of net photosynthesis (A) and g s on δ 13 C (Scheidegger et al. 2000, Roden and Farquhar 2012) .
Intra-annual density fluctuation occurrence has been related to the alternation of drought in either summer or autumn followed by a wet period in P. pinea (Campelo et al. 2007b , Nabais et al. 2014 , Zalloni et al. 2016 . A similar relation has been reported in Q. ilex (Campelo et al. 2007a , Cherubini et al. 2003 , Zhang and Romane 1991 . To the best of our knowledge, IADFs in tree rings of co-existing species belonging to different functional groups, such as Q. ilex and P. pinea, have not been characterized and compared yet in terms of anatomical and isotopical traits.
Combining quantitative wood anatomy with stable isotope analysis
Quantifying anatomical traits of IADFs together with their stable isotope composition is useful to link xylem hydraulic properties with physiological mechanisms related to their formation. Intraannual ratios of carbon and oxygen isotope ratios ( 13 C/ 12 C and 18 O/ 16 O) within tree rings can help in reconstructing CO 2 assimilation of the plant at an intra-annual level, reflecting photosynthetic rate and stomatal conductance, and thus plant wateruse efficiency and response to environmental stresses such as drought (Farquhar and Richards 1984 , Leavitt 1993 , Scheidegger et al. 2000 , Matzner et al. 2001 , Panek and Goldstein 2001 , Ponton et al. 2001 . For instance, De Micco et al. (2007) used quantitative wood anatomy and carbon stable isotope ratios in the IADFs of Pinus pinaster Aiton. to demonstrate the tree responses to a drought period. Additionally, this approach has also been used to distinguish two different types of IADFs in Arbutus unedo L., one linked to drought deficit and the other to wet conditions depending on different local microclimates (Battipaglia et al. 2010) .
In this study we characterized anatomical traits and carbon and oxygen stable isotope composition in IADFs occurring in tree rings of Q. ilex and P. pinea trees co-existing at the same site. We investigated the relationships between their occurrence in different years and seasonal mean temperature and total precipitation with the aim of assessing whether they can be used as indicators of species-specific responses to intra-annual climate fluctuations. We hypothesize that high IADF frequency occurs in the same years for the two species, driven by temperature and precipitation of the warmest months and of the rainy season, but with P. pinea more influenced by high temperature than Q. ilex, reflecting its drought-avoidant strategy. Furthermore, we hypothesize a different carbon and oxygen isotopic composition in the tree rings of the two species. In particular, we expect that IADF wood of Q. ilex is less enriched in δ 13 C and δ
18
O compared with the other intra-ring regions due to lower stomatal response, while P. pinea IADF should be more enriched than the rest of the ring, reflecting the contrasting physiological strategies of the two species to cope with dry periods. Finally, we hypothesize that the anatomical functional traits of IADFs are the result of the different balance between hydraulic efficiency and safety in the two species. This approach would be useful to add valuable information on Q. ilex and P. pinea mixed forests responses to drought and their ecological role for Mediterranean forest dynamics.
Materials and methods

Study site
The study sites are located in the 'Tirone Alto-Vesuvio' Forest State Reserve (40°48′46.5′N, 14°24′10.6″E, 505 m above sea level), on the southwestern slope of the Somma-Vesuvio volcanic complex, about 15 km SE of Naples (Southern Italy).
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The soil is characterized by surface outcrops of volcanic rocks. The mean values of water content, available water capacity and water holding capacity in the top 10 cm of the site soil are 8.45%, 25.06% and 19.74%, respectively. The site is flat and covered by a mixed forest of Q. ilex and P. pinea with an understory consisting of young Q. ilex plants, with the sporadic presence of Robinia pseudoacacia L., a non-native invasive species. Mean diameter and height of dominant trees are 37.55 ± 1.49 cm and 17.53 ± 0.48 m (mean value ± SE) for Q. ilex, and 52.5 ± 1.72 cm and 16.6 ± 0.45 m for P. pinea. The stand density of the study site is~13,000 trees ha -1 , with Q. ilex and P. pinea occurring at densities of 10,000 and 3000 trees ha -1 , respectively. The stand canopy cover as denoted by the site leaf area index is 1.69. Temperature and precipitation data of the nearest meteorological stations were interpolated and compared with the Climatic Research Unit Timeseries (CRU TS)3.23 gridded dataset at 0.5°resolution data for the period 1951-2014 (Harris et al. 2014) . The correlation between the two data series was significant (as shown in Zalloni et al. 2018 ), therefore we considered the climate data from the CRU to be representative for our study sites, since local data did not cover all the study period. The climate is Mediterranean with a mild winter and warm summer with a mean annual temperature of 16.1°C and precipitation mainly concentrated in autumn and winter and at the beginning of spring, with an average of 766 mm per year. The dry season lasts from July to August, with a maximum monthly temperature of 32.6°C and a minimum precipitation of 0 mm. The highest precipitation falls in November, with a maximum monthly value of 252.5 mm.
Tree-ring width analysis
Twenty dominant trees of Q. ilex and of P. pinea were sampled with a 0.5 cm diameter increment borer (Haglöf, Järfälla, Sweden), taking two increment cores per tree at breast height (1.3 m) (Schweingruber 1988) . The increment cores were sanded after being air dried and mounted on wooden supports. Tree-ring width was measured with a Leica MS5 stereoscope (Leica Microsystems, Wetzlar, Germany) mounted on a LINTAB measuring system (Frank Rinn, Heidelberg, Germany), with a resolution of 0.01 mm. Crossdating of the individual series was performed with the TSAP-Win software and the COFECHA software (Holmes 1983) , while mean chronologies and the related quality assessment were implemented with the R software, using the Dendrochronology Program Library (dplR; Bunn 2008 Bunn , 2010 . The signal strength was measured by calculating the index of the total correlation between trees (R bt ), while the representativeness of the population chronology was calculated with the espressed population signal (EPS), relying on the threshold value of 0.85 (Wigley et al. 1984) . A smoothing spline curve with a 50% frequency response cutoff and a rigidity of the 67% of the length of the series was fitted to the individual curves in order to remove age and low-frequency growth trends (Cook and Peters 1981) . The values of the individual curves were divided by the estimated spline curves and the first-order autocorrelation was removed performing an autoregressive model. A biweight robust mean of the index series was then used to build mean detrended chronologies of the two species. Mean sensitivity (MS) was finally calculated on the detrended series (Fritts 1976 ).
Intra-annual density fluctuation identification and frequency
The annual IADF presence was detected within the rings of the correctly dated cores under a stereomicroscope, following the identification given by Campelo et al. (2007a) for Q. ilex and by Campelo et al. (2007b) for P. pinea. Relative annual IADF frequency chronologies of the sites were calculated as the ratio between the number of cores with IADFs and the total number of cores per each year. Stabilized annual IADF frequency chronologies were then calculated according to Osborn et al. (1997) as f = Fn 0.5 , where F is the relative IADF frequency value and n is the total number of cores for each year, in order to stabilize the variance and to overcome the issue of the changing sample depth over time. The age trend of the chronologies was removed by dividing the best fitted estimated polynomial curves for agebased chronologies, built by aligning the individual series of IADF presence/absence by cambial age (considering pith-offset estimations), by the original observed values.
Quantitative wood anatomy analysis
Sampling Anatomical traits were analysed in all tree rings from five cores in both Q. ilex and P. pinea (304 and 289 tree rings, respectively). More specifically, in Q. ilex, tree-ring microphotographs were taken from the observed cores under a dissection microscope (BX60, Olympus, Hamburg, Germany) equipped with a Camedia 4040 camera (Olympus), after filling the vessels with chalk (Gärtner and Schweingruber 2013) . In P. pinea, semithin (20 μm) sections were cut with a GSL1 microtome (Gärtner et al. 2014) , dehydrated with 70% ethanol, mounted on slides with immersion oil for fluorescence microscopy, and observed under an epifluorescence microscope (SZX16, Olympus) equipped with a XM10 camera (Olympus). For epifluorescence microscopy, a mercury lamp with a band pass filter BP 330-385, dichromatic mirror >400 nm and a barrier filter >420 nm was used to detect autofluorescence of lignin and phenolic compounds (Ruzin 1999 , Wu et al. 1992 ).
In continuum quantification of tree-ring anatomical features The images were analysed with the software AnalySIS 3.2 (Olympus) to quantify tree-ring anatomical features. Vessel lumen area was quantified in continuum from the beginning (earlywood) to the end (latewood) of each ring along a transect between two rays for Q. ilex (with an area between 378.87 and 9944.16 × 10 3 μm 2 ), and along three lines of cells for P. pinea, following the standardized centre of gravity method . In brief, vessel distance from the beginning of the ring was standardized by dividing vessel lumen centres of gravity recorded by the software by the total Tree Physiology Online at http://www.treephys.oxfordjournals.org ring width, and multiplying by 100, with the whole ring width being considered equal to 100%. As a result, each vessel was characterized by two coordinates: Y as the lumen area, quantified in 10 3 μm 2 for Q. ilex and in μm 2 for P. pinea, and X as the distance from the beginning of the ring, expressed as a percentage. The so-ordered data were pooled together for rings with and without IADFs for each species and plotted into dispersion graphs. Polynomial curves were then fitted to the data points to explore vessel area intra-annual growth trends. Furthermore, each ring along the same transects was divided in four equal regions (with each region corresponding to 25% of total ring width) for the quantification of vessel frequency parameters (only for Q. ilex samples), and the percentage of cell wall area over total xylem area for each region (i.e., the proportion of non-lumen fraction) (De Micco et al. 2016b) . Vessel frequency was calculated as the number of vessels per 10 3 μm 2 , determined by counting vessels in a known area according to Wheeler et al. (1989) . The proportion of non-lumen fraction is reported as wood density throughout the text following the relations shown by Zanne et al. (2010 Micco et al. 2007 , Battipaglia et al. 2010 , tree rings with IADFs were split into three sections (from pith to bark: earlywood, latewood and IADF) for Q. ilex, and into four (from pith to bark: earlywood, early-latewood, IADF and latewood) for P. pinea (see Figure S1 available as Supplementary Data at Tree Physiology Online). Instead, tree rings without IADFs were split into two sections (earlywood and latewood) for both species.
Whole wood isotopical analysis Whole wood was used for the analysis, without any chemical pre-treatment. The question on whether cellulose extraction from wood samples is needed or not to investigate environmental effects on stable isotopes is still open (Gessler et al. 2014 ). However, comparable results have been found using either whole wood or cellulose (Borella et al. 1998 , Korol et al. 1999 , Barbour et al. 2001 , Warren et al. 2001 , Loader et al. 2003 , Verheyden et al. 2005 , Weigt et al. 2015 ). Thus we decided to proceed on whole wood, to have enough wood material for isotope analyses even when rings were very narrow. The samples were then milled with a centrifugal mill, weighed in silver capsules (aliquots of 0.8-1.0 mg) and pyrolyzed at 1450°C (PYRO-cube, Elementar, Hanau, Germany) in order to determine the intra-annual δ 13 C and δ 18 O values of the obtained CO by a Delta Plus XP isotope ratio mass spectrometer (ThermoFinnigan MAT, Bremen, Germany) via a pyrolysis unit by a ConFlo III interface (ThermoFinnigan MAT). A correction of the resulted δ 13 C values was made by measuring a subset of samples that covered the whole range of the expected δ 13 C values via oxygen combustion, since the δ 13 C signal obtained by pyrolysis is considered to be dampened because of 'memory effects', compared with the most commonly used one obtained by oxygen combustion (Woodley et al. 2012 ). δ 13 C values of the subset were measured via oxygen combustion with an EA1110 elemental analyzer (CE Instruments, Milan, Italy) coupled to a Delta-S isotope ratio mass spectrometer (ThermoFinnigan MAT). The correction used for the pyrolysis δ 13 C data was the following: δ 13 C corr = 1.2526 × δ 13 C pyro + 5.0032, where δ 13 C corr is the corrected final δ 13 C value and δ 13 C pyro is the value measured by pyrolysis and corrected with internal standards. δ 13 C values were further corrected for the Suess effect, which is a shift in the atmospheric concentrations of carbon isotopes due to increasing fossil-fuel derived CO 2 (Keeling 1979 (Cherubini et al. 2003 , Balzano et al. 2018 . All the correlations were computed with the software R (R Development Core Team 2016).
Results
Tree-ring width
Tree-ring width chronologies of the two species cover the same timespan from 1949 to 2014. The EPS and R bt values confirmed the quality of the chronologies while MS values indicated that Q. ilex standard chronologies were more sensitive than P. pinea ones (Table 1) . Pinus pinea showed in the first 20 years an overall higher annual growth (6.28 ± 0.29 mm, mean value ± SE) compared with Q. ilex (3.8 ± 0.2 mm) ( Figure 1a and Table 1 ).
After that period the annual growth of the two species is similar (1.93 ± 0.13 mm for P. pinea, 2.06 ± 0.11 mm for Q. ilex). The applied standardization method efficiently removed the ageeffect from tree-ring width chronologies (Figure 1b ).
Intra-annual density fluctuation frequency
Pinus pinea showed a higher occurrence of IADFs (43%) than Q. ilex (28%). The overall mean stabilized IADF frequency was also higher in P. pinea (2.54 ± 0.22, mean value ± SE) than in Q. ilex (1.68 ± 0.21)(P < 0.05). Mean stabilized IADF frequency showed a good peak correspondence during time between the two species, with IADF frequency in Q. ilex decreasing during the period 1982-91 and during the last decade, except from the year 2005 where a high frequency was found. No decrease in IADF frequency was observed for P. pinea (Figure 2a) . The ageeffect was removed and the variations around the mean highlighted with the applied standardization method (Figure 2b ).
Anatomical characterization of IADFs
IADF appearance in the two species Intra-annual density fluctuations were positioned at the end of the ring in both species, but their morphological appearance was different. More specifically, in Q. ilex, tree rings without IADFs ( Figure 3a) were characterized by diffuse porosity with vessel size decreasing towards latewood, while tree rings with IADFs ( Figure 3b ) showed an extra-growth band of wood located after the ending of latewood, within the 75-100% of the ring width. Such an IADF appeared as a band of wood with a higher abundance of fibre and parenchyma cells arranged in tangential alternating bands (Figure 3e ).
Vessel lumen area at IADF level In Q. ilex, tree rings with IADFs showed narrower vessels throughout ring width than tree rings without IADFs and were characterized by a steeper decrease of lumen area in the second half of the ring compared with rings without IADFs (Figure 3e ). In P. pinea, tree rings without IADFs ( Figure 3c ) were characterized by tracheids with decreasing lumen from earlywood to latewood, while rings with IADFs ( Figure 3d ) showed a band of earlywood-like cells within latewood, located at 80-100% of the ring width. In P. pinea, rings with IADFs showed larger tracheids than rings without IADFs in the first half of ring width (earlywood); moreover, the observed band of earlywood-like cells within latewood is noticeable in the wider lumen area of the tracheids located at the end of the rings with IADFs compared with rings without IADFs (Figure 3f ).
Wood density and vessel frequency at IADF level Neither mean wood density in earlywood nor mean vessel frequency were found to be significantly different between rings with and without IADFs in Q. ilex (Figure 4) . Instead, both wood density and vessel frequency significantly increased from earlywood to latewood in both rings with and without IADFs, with a significantly higher latewood density in rings with IADFs than in rings without IADFs. Finally, the IADF region was characterized by a significantly higher wood density than latewood and lower vessel frequency than latewood but higher than earlywood in rings with IADFs (Figure 4) . Pinus pinea measures of intra-annual Tree Physiology Online at http://www.treephys.oxfordjournals.org wood density did not show any significant differences between rings with and without IADFs (see Figure S2 available as Supplementary Data at Tree Physiology Online).
Isotopical characterization of IADFs
The overall intra-annual values of δ 13 C were found to be lower in P. pinea than in Q. ilex wood (Figure 5a and c) (P < 0.05). The intra-annual δ 13 C trend was quite variable inside the rings and this was also due to the high variability among trees, shown in Table 2 . The trend that was most commonly found in rings with IADFs in Q. ilex (50% of cases) was characterized by a transition from low values of δ 13 C in the earlywood (mean value: −26.30‰), less negative values in the latewood (mean value: −26.07‰) and more negative values again in the IADF (mean value: −26.28‰) (Figure 5a ). The same trend of δ 13 C was found for δ 18 O (earlywood mean value: 24.92‰, latewood mean value: 25.17‰, IADF mean value: 24.93‰) (Figure 5b ), even if the difference between ring regions was not significant. On the contrary, the intra-annual δ 13 C trend that was most commonly found in rings with IADFs in P. pinea (56% of cases) was characterized by an isotopically heavier IADF wood and lower δ 13 C values in the latewood (IADF mean value: −26.86‰, latewood mean value: −28.08‰) (Figure 5c ). The same trend was found for δ 18 O, even if the difference among ring regions were not significant (Figure 5d ). Intraannual δ 13 C trends of rings without IADFs did not significantly increase from the earlywood to the latewood both for Q. ilex and P. pinea in most of the cases (55% and 67%, respectively), with values significantly higher compared with rings with IADFs for Q. ilex (earlywood mean value: −25.75‰, latewood mean value: -25.47‰), while not significantly different for P. pinea (Figure 5a and c). On the contrary, the δ
18
O most common trend in rings without IADFs slighthly increased from earlywood to latewood in Q. ilex, while slightly decreased in P. pinea, even if the differences among ring regions were not significant (Figure 5b and d) .
Climate signal
Quercus ilex was more sensitive to climate than P. pinea, with radial growth positively driven by spring and summer total precipitation while negatively by summer mean temperature. Pinus pinea tree-ring width was only negatively correlated with winter total precipitation (Table 3) . Intra-annual density fluctuation frequency was driven by precipitation in Q. ilex while by temperature in P. pinea. More specifically, the occurrence of IADFs in Q. ilex was associated with high summer total precipitation (r = 0.29, P < 0.05), while IADF occurrence in P. pinea was associated with high mean temperature during autumn (r = 0.26, P < 0.05) (Figure 6 ). Autumn was the season that most influenced δ 13 C and δ 18 O of IADF wood in both the species. δ 13 C was positively correlated with autumn mean temperature (r = 0.9, P < 0.05) and δ 18 O was negatively correlated with autumn mean precipitation (r = −0.92, P < 0.05) for Q. ilex, while Tree Physiology Volume 38, 2018
autumn temperature negatively influenced δ 18 O of P. pinea IADFs (r = 0.74, P < 0.05) (Figure 7 ). δ 18 O of the IADFs of P. pinea was also positively influenced by spring precipitation (r = 0.69, P < 0.05) (Figure 7 ).
Discussion
The characterization of the anatomical traits and the carbon and oxygen stable isotope composition of IADFs occurring in tree rings of Q. ilex and P. pinea showed that they can be used as indicators of peculiar species-specific responses to intra-annual climate fluctuations.
Intra-annual density fluctuation frequency
Pinus pinea had a significantly higher frequency of IADFs in comparison with the co-occurring Q. ilex, in agreement with several studies which showed higher frequency of IADFs in Mediterranean conifers than in broadleaves, and attributed this recurrent plastic bimodal pattern of intra-annual growth with their higher sensitivity to Mediterranean climate variability (de Luis et al. 2007 , Campelo et al. 2007b , Vieira et al. 2010 , Rozas et al. 2011 , Novak et al. 2013 , Nabais et al. 2014 , Olivar et al. 2015 , De Micco et al. 2016a , Zalloni et al. 2016 ).
Anatomical identification of IADFs
Quercus ilex had IADFs as 'extra-growth bands' located at the end of the ring, in agreement with the description of the same 
18
O most common intra-annual trends of rings with (in red) and without intra-annual density fluctuations (IADFs) (in grey) for Quercus ilex (a, b) and Pinus pinea (c, d). One-way ANOVA was performed to investigate the differences between regions within rings and between the same region of rings with and without IADFs. Standard errors are reported. Different letters correspond to significantly different values between regions and ring type (P < 0.05). EW = earlywood, ELW = early-latewood, LW = latewood. Table 3 . Significant Pearson's correlation coefficients of the correlation between tree-ring width and seasonally grouped monthly mean temperature (T, in red) and total precipitation (P, in blue) for the two species. WIN = from January to March, SPR = from April to June, SUM = from July to September (N = 64) (P < 0.05). Tree Physiology Online at http://www.treephys.oxfordjournals.org species in Portugal, given by Campelo et al. (2007a) . All the IADFs in P. pinea were within the latewood, confirming that Mediterranean pines form the most of the IADFs at the end of the growing season (De Micco et al. 2016a ). Tracheid lumen area was found to be a valuable parameter for identifying and quantifying IADFs in P. pinea rings. Conversely, in the diffuse to semi-ring-porous wood of Q. ilex, we found that vessel frequency and wood density proved to be better indicators of IADFs than vessel lumen area.
Species
Isotopical characterization of Quercus ilex and Pinus pinea tree rings
Wood carbon and oxygen stable isotopes analysed together helped to distinguish whether differences observed in the values depend on changes in photosynthetic activity or stomatal conductance, since the oxygen isotope ratio composition is not determined by photosynthesis but by soil water, leaf water enrichment due to transpiration and biochemical fractionation during incorporation (Scheidegger et al. 2000 , Dawson et al. 2002 , Barbour 2007 . The overall higher δ 13 C values of Q. ilex rings with equal δ 18 O values compared with P. pinea rings indicate that a higher photosynthetic rate occurred both in years with and without IADFs of Q. ilex compared with P. pinea, since a high δ 13 C is the result of an increased photosynthetic capacity when not accompanied by a concomitantly high δ 18 O (Scheidegger et al. 2000) . Therefore, no different stomatal conductance in the two species was found. Nevertheless, the higher photosynthetic rates of Q. ilex compared with P. pinea, which Tree Physiology Volume 38, 2018
translates into a higher water-use efficiency, reflects its ability to withstand drought, since it helps in the maintenance of a positive carbon balance under dry conditions (Raven 2002) . The high inter-and intra-annual variability observed within the samples of the five cores (Table 2 ) resulted in a lack of statistical significance observed in the majority of the isotopic intra-annual values between regions of the ring due to sample pooling.
Contrasting physiological responses revealed by IADF isotopical composition
The δ 13 C and δ 18 O intra-annual trends that we found in Q. ilex and P. pinea tree rings, and in particular the isotopic composition recorded in the IADF region, suggested opposite physiological behaviour. Quercus ilex showed a trend to decrease of δ 13 C and δ 18 O of the IADF compared with the previous latewood, even if not statistically significant, suggesting a possible increase of carbon supply through stomata, which would mean that the plant positively reacted to some climatic factor by increasing stomatal conductance (Farquhar et al. 1982 , Scheidegger et al. 2000 . On the contrary, P. pinea showed an IADF region enriched in
13
C and a trend to be enriched in
18
O also, compared with the other regions of the ring, which would suggest stomatal closure, with the decrease of stomatal conductance likely contributing to the increase in δ 13 C at the IADF level (Farquhar et al. 1982 , Scheidegger et al. 2000 , De Micco et al. 2007 ). The intra-annual δ 13 C pattern that we observed in P. pinea was found before in conifers, with low values in earlywood, maximum values in mid-season and declining values in the latewood (Schulze et al. 2004 ).
Combining IADF isotopical and anatomical characterization
The increased stomatal conductance that we related to δ 13 C and δ
18
O values of the IADF wood in Q. ilex, could find a compensation in the observed quantitative wood anatomy with the formation of a conservative hydraulic structure showing a dense wood with fewer vessels, which would promote the safety of water transport in order to be less vulnerable to embolism phenomena facilitated by the increased transpiration (Carlquist 1975 , 1989 , De Micco et al. 2008 , Battipaglia et al. 2016 . On the contrary, the high values of δ 13 C and δ
O, along with the larger tracheids that we found in the IADF region of P. pinea, suggest an enhancement of conductive efficiency leading to a strict stomatal control with the aim to avoid dehydration (Battipaglia et al. 2013 ). The observed smaller lumen area of earlywood vessels of Q. ilex rings with IADFs compared with rings without IADFs contrasts with the larger ones found in P. pinea rings with IADFs: this difference could reflect the intrinsic group-related differences in wood structure. The achievement of mechanical safety is more important for the more hydraulically efficient wood of angiosperms than for the safer one of conifers (Sperry et al. 2008) . We hypothesize that within the years when Q. ilex rings show IADFs, the trees are more sensitive to climate conditions showing a hydraulically safer wood structure since the beginning of the growing season, which prevents phenomena of embolism and allows the production of the 'extragrowth band' of wood at the end of the ring when there are favorable conditions. In contrast, within the same years when P. pinea rings show IADFs, the trees are more sensitive to climate conditions of the early growing season but achieving a more efficient hydraulic conductivity, which would make them prone to the formation of IADFs when growth conditions become harsher. For instance, Carvalho et al. (2015) suggested that IADF formation within the latewood of P. pinaster is predisposed by previous earlywood cell structure, in particular by higher rates of cell production in spring which, in turn, increases the number of cells under enlargement after the summer drought.
Tree-ring growth correlation with climate
Quercus ilex is more sensitive to climate than P. pinea in terms of tree-ring growth, recording significant positive correlations with spring and summer precipitation, which concur with the water demand of Q. ilex trees at the beginning of the growing season and in the driest months typical of Mediterranean areas (Campelo et al. 2009 , Gea-Izquierdo et al. 2009 , and a negative influence of high summer temperature, which are often related to drought (Di Filippo et al. 2010 , Linares et al. 2009 , Peñuelas et al. 2008 , Piovesan et al. 2008 , Sarris et al. 2011 ). Instead, P. pinea tree-ring growth was only negatively influenced by winter precipitation, which is difficult to explained.
Intra-annual density fluctuation correlation with climate
Summer precipitation positively influenced IADF occurrence in Q. ilex, while autumn temperature enhanced IADF frequency in P. pinea tree rings. The observed increase and decrease in IADF frequency in the last decade in P. pinea and Q. ilex rings, respectively, could then be explained by the recorded rise of mean annual temperature not accompanied by an increase in precipitation during the last decades, suggesting that the expected temperature rise and fluctuation in precipitation pattern in the Mediterranean region would affect cambial growth of these two species leading to the formation of more IADFs in P. pinea and fewer IADFs in Q. ilex. This could lead to a higher wood productivity in P. pinea than in Q. ilex, where drought periods may trigger the reduction of transport and allocation of photoassimilates to stem and roots, preferring other resource uses (Sevanto et al. 2014 ). Notwithstanding, further case studies are needed to assess this preliminary forecast, and other physiological measurements have to be examined to explore the link between IADF formation and the effective adaptive capability of the species. The link between high IADF frequency and high precipitation during summer seems to be in agreement with the physiological positive response we discovered in the IADF wood of Q. ilex rings: favorable wet conditions of growth would lead to a less tight stomatal control with an increase of the ratio of intercellular CO 2 to atmospheric CO 2 , producing low values of δ 13 C (Leavitt 1993) . Precipitation during summer could be related to
Tree Physiology Online at http://www.treephys.oxfordjournals.org the formation of new leaves in Q. ilex with the deposition of an extra growth band of xylem (Corcuera et al. 2004 , Campelo et al. 2007a , 2010 . Low temperature and high precipitation of autumn drove respectively the δ 13 C and δ 18 O composition that we found in the IADF region of Q. ilex, suggesting that IADFs were formed during these months. These findings confirm what Campelo et al. (2007a) suggested on the basis of climate correlations with IADF frequency: IADFs in Q. ilex could be triggered by summer rainfall and formed during the second growth period of the season after the summer drought, with autumn favorable conditions of growth. On the contrary, high air temperature stimulates evapotranspiration and water loss (Battipaglia et al. 2009 ), thus leading to the drought-avoidant response that we found in the wood of P. pinea IADFs with reduced stomatal conductance and high values of δ 13 C and δ 18 O: at high temperatures photorespiration is stimulated while photosynthesis is inhibited (Rennenberg et al. 2006) . Autumn seemed to be the period of IADF formation in P. pinea also, showing a significant correlation between IADF δ 18 O values and mean temperature.
Intra-annual density fluctuations in P. pinea tree rings were suggested to be formed during autumn months also by Campelo et al. (2007b) , Nabais et al. (2014) and Zalloni et al. (2016) ; however, we did not find any significant correlation with precipitation, as they noticed, whereas temperature was the main driving factor. Even so, the climatic factors that control the formation of IADFs in Mediterranean pines are site-dependent and not so much dependent on the species (Nabais et al. 2014) . Finally, the observed positive correlation between spring precipitation and δ 18 O of the IADF wood of P. pinea could be due to the temporal shift between latewood formation and the use of water pools stored during spring (Castagneri et al. in press) : the increase of δ 18 O with increasing precipitation could be related to the shallow root system of P. pinea, which takes water from upper soil layers enriched in 18 O, since evaporative isotopic fractionation decreases with soil depth (Dawson et al. 2002) .
Conclusions
In conclusion, our study of IADFs in Q. ilex and P. pinea trees cooccurring at the same site suggests that IADF period of formation is during autumn months for both the species. However, the influence of climate on IADF occurrence was found to be speciesspecific, reflecting the more anisohydric or isohydric physiological reactions to the varying environmental conditions of Q. ilex and P. pinea, respectively: an increased stomatal conductance associated to a wood safer against embolism at IADF level in Q. ilex while a tighter stomatal control associated to a wood more efficient in water flow in P. pinea IADFs. Its assessment could help predictions about species responses to future climate: in a climate scenario of a mean temperature rise not accompanied by a total precipitation increase, Q. ilex would form fewer IADFs while P. pinea more, resulting further in a higher wood production.
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